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ABSTRACT 

Ceraaics aucb as silicon nitride and silicon car- 
hide are currently receiving a great deal of attention 
•a potential aateriala for advanced gaa turbine en- 
gines. The primary advantage offered by ceramics is 
their high temperature capability which can result in 
turbine engines of Unproved efficiency. Other advan- 
tages when compared to the nickel and cobalt alloys 
in current use are raw material availability, lower 
weight, erosion/ corrosion resistance, and potentially 
lower cost. The use of ceraaics in three alfferent 
sixes of gas turbine engines is considered; these are 
the large utility turbines, advanced aircraft turbines, 
and small autoantlve turbines. Special considerations, 
unique to each of these applications, arise dien one 
considers substituting ceraaics for high temperature 
alloys. The effects of material substitutions arc re- 
viewed in terms of engine performance, operating econ- 
omy, and secondary effects. 


THE QUEST FOR HIGHER temperature materials for use in 
gaa turbine engines has been pursued since the very 
Introduction of the engine In the late 1930' s (1).* 

The gaa turbine, like any heat engine, achieves great- 
er efficiencies of energy conversion as working fluid 
temperatures are allowed to Increase. Thus the devel- 
opment of high temperature aateriala for gas turbines 
has presented a continuing challenge to the materials 
community. Indeed the evolution of the gaa turbine 
engine to the sophisticated machine we know today has 
been paced by material developments that have allowed 
operating temperatures to Increase. Tet, today gaa 
turbine designers are relying more on complicated and 
costly cooling schemes in order to let working fluid 
temperatures rlae while maintaining material tempera- 
cures at acceptable lower levels dictated by material 
properties. Cooling la costly both in terms of origi- 
nal hardware cost and performance penalties. Because 
of this unending drive Co higher temperatures gas tur- 
bine engineers have always felt a certain attraction 
to the potential offered by ceramics - and have always 
bean frustrated In their attempts to realize this po- 
tential. 

The purpose of this paper then la to consider the 
use of ceramics In a variety of gas turbine applica- 
tions aod hopefully reach some realistic projections 
at to the possibility of substituting ceramics for 
high temperature alloys In advanced gas turbine en- 
gines . 

THE GAS TURBINE ENGINE 

By way of review. Fig. i offers a schematic view 
of a gas turbine engine. This particular engine con- 
figuration la similar to thoae currently powering our 
Jtakbo Jets using high pressur- and low pressure axial 
turbines with twin spools anu a by-pass fan. Although 
configurations can vary widely this figure illustrates 
the essential components, particularly thoae In the 
hot gas path where material capabilities at high tem- 
peratures are of major concern. The temperatures 

*Nuabera In parentheses designate references at the 
end of paper. 


shown represent, for the most part, those anticipated 
in advanced aircraft turbines. 

Combustors are sheet metal components fabricated 
from nickel or cobalt alloys and film cooled. They 
are subjected to severe thermal stresses and oxidation. 
Vanes are static components tdiich divert the hot com- 
bos tioc gases into the turbine blades. Vanes are also 
either nickel or cobalt alloys i*ich see high temper- 
atures but relatively law stresses, usually only 
stresses due to aerodynamic loads and thermal gradi- 
ents. The turbine blades or ibably experience the most 
severe combination of environmental factors. In addi- 
tion to the corrosive effects of hot gases they are 
exposed to both high tempers lure and high stress. 

Blade stresses are for the most part unidirectional 
along the long axis of the airfoil, resulting from the 
high centrifugal loads generated by the high speed ro- 
tation of the blades. In the roots of blades, that is, 
tl attachment portions where they join the disk, high 
shear and bending stresses can be encountered. Today’s 
aircraft blades are made of cast nickel alloys and be- 
cause of the unidirectional airfoil stress are often 
produced in an alir.ed microstructure having highly 
anisotropic properties. Turbine blades are attached 
to the periphery of the turbine disk. The disk ia a 
massive rotating piece experiencing very high centrif- 
ugal stresses especially near its hub. Uhile the disk 
experiences high stresses, fortunately Its temperature 
level la considerably less than components In the hot 
gas path. Disks are forged nickel alloys, with hot 
isostatically pressed nickel alloy powders holding a 
great deal of promise for future applications. Adja- 
cent to the turbine blade tips la the shroud or tur- 
bine seal. This component Is Intended to form a mini- 
ma clearance seal with the blade tips in order to 
minimize gaa leakage over the blade tips. It Is es- 
sential that shroud materials be abradable and allow 
"wear-ln” of the Made tips. Currently porous nickel 
alloys are used. 

When one speaks of ceraaics in connection with 
gas turbine usage some qualifications are in order. 

In a certain sense ceraaics are currently in use If 
one considers the lntermetallic aitxalnlde coatings 
used for oxidation and corrosion protection as being 
''ceramic.'' Also, glass ceramics In the aluminum sili- 
cate and magnesium aliminun silicate systems are being 
developed as heat exchange materials In connection 
with automotive gas turbine projects. However, in the 
context of this paper these materials will not be con- 
sidered but rather we will consider only materials In 
the silicon nitride (SI 3 N 4 ) and silicon carbide (SIC) 
families Chat have potential for use as monolithic 
ca^onents. It Is these materials, that Is, the ni- 
tride and carbide that have received so mich recent 
attention as potential turbine materials. 

It must be understood that the use of the word 
''substitution'' in reference to ceramics for high tem- 
perature alloys does not have the usual connotation. 
The technology of these ceramics is not to the state 
that would allow s one-for-one substitution as one 
might substitute one alloy for another. Quite to the 
contrary, the very nature of the ceramics requires 
special design cons iderst Ions so that their eventual 
substitution will have to be in engines incorporating 
fairly substantial design modifications. 
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Let ua sake some general comparisons between ce- 
ramics and the nlckel-baae super alloys. These are 
shown In Fig. 2. The Boat obvious advantage of the ce- 
ramics Is their potential for high te^ierature use; to 
temperatures far In excess of the Belting point of nick- 
el alloys. In a high tenperature air environment these 
ceramics form a protective surface layer of silica and 
thus do not require the costly coatings that are rou- 
tinely used to protect alloys froa the envlronaent. As 
shown in Fig. 2 material costa are lower than alloys, 
however this advantage must be tempered with the real- 
ization that such cost comparison are for an early 
stage of processing, that la, alloy ingot and ceramic 
powders. This cost comparison, as well as most others 
In the literature does not Include for ceramics the 
cost of consolidation, surface finishing, and inspec- 
tion. Ceramics certainly have great potential for ul- 
timately being cost co^etitive with superalloys, hw- 
ever, as of now ceramic components are not cheap. The 
lower density of ceramics la an asset In all gas tur- 
blnea as It can result In rotors of lower Inertia, and 
the direct weight savings Is of special interest to 
aircraft and automotive applications. From a material 
substitution standpoint ceramics offer the added advan- 
tage that they contain no strategic materials. CX»r 
nickel base superalloys contain on the average about 
IS percent chromium, an element for which we are total- 
ly dependent on foreign supply. We are also heavily 
dependent on foreign nations for our supplies of nickel. 
Contrasted to this, these ceramics contain elements 
which are abundant; silicon, carbon, and nitrogen. 

To more specifically Illustrate some of the advan- 
tages of cerasd.es Figs. 3 end 4 offer dramatic compari- 
sons. in Fig. 3 their high temperature strength poten- 
tial is Illustrated. Here the stress to density ratio 
for 1000 hours a cress -rupture life is plotted against 
temperature. Also included la the stress to density 
ratio range that is required for blade Mterials In 
aircraft engines. It shows that our current super- 
alloys are useful for blade applications to slightly 
over 1800° F. Ocher advanced materials are shown In- 
creasing this tamperacure capability. The wide tem- 
perature range shown for superalloys reinforced with 
refractory metal wires la due to the fact that volume 
fraction of wires mid wire orientation may be varied. 

The ceramic data are baaed on bend stress-rupture test- 
ing (rather than the usual tensile mode used in alloy 
testing). Tet, for comparison the bend data has been 
divided by a factor of 2 to allow for the lower 
strength of ceramics in tension than In bend. Even so, 
we see the ceramics offering potential blade tempera- 
ture to the 2400° to 2300° F range, far In excess of 
any of the cosseting metallic systems. 

Figure 4 Illustrates the superiority of a ceramic 
over coated alloys In surface stability (2). Both test 
samples were exposed to a simulated gaa turbine envi- 
r mason t at 2200° F. The cermlc sample la somewhat 
discolored due to slight oxidation but otherwise shows 
no distress. On the other hand, the coated alloy has 
suffered severe leading edge recession due to oxidation 
and large thermel fatigue cracks have developed In die 
leading edge due to the thermal cycles. 

With these many outstanding advantages offered by 
Sl 3 * «»d SIC a natural question la: Why haven't we 

used these materials before now in the gas turbine? 

The answer of course la their Inherent brlttlaneas and 
the whole problem was turned up most succinctly by 
Prof. Kan Jack of the University of Newcastle Upon 
Thyne when he said, "Metals are metals and ceramics 
are blood/ brittle I" 

Designers rely on the ductility of metals to 
provide "forgiveness" to thslr designs. That la, the 
ductility of metals can often provide small amounts 
of plastic flow and thereby relieve stress concentra- 


tions. The ceramics are totally "unforgiving" In this 
sense and have no capacity to accommodate even minor 
stress concentrations. Therefore, they require a very 
exact design approach entailing new and unique concepts 
and methods. Also, the brittleness of ceramics usually 
prevents them from providing any advanced warning of 
Impending failure. That Is, without the creep or plas- 
tic deformation most alloys exhibit prior to failure, 
ceramic parts will not rub, distort, or otherwise give 
any indication of Impending failure that would allow 
replacement. 

CERAMICS COMPARED TO CERMETS 

Let us consider a bit of history before going fur- 
ther. The last serious attempt to Introduce brittle 
materials into gaa turbine usage was In the middle 
1950's when a class of materials known as "cermets" 
was under devel o pm en t (3). As their name Implies, 
cermets attempted to combine the most desirable proper- 
ties of ceralcs with those of metals. This was done 
by mixing ceramics with metals, usually by liquid phase 
sintering, resulting in a two-phase structure quite 
similar to carbide cutting tool;, the concept was to 
provide a final material that combined the oxidation 
resistance and strength of ceramics with the ductility 
of metals. However, such a utopia was not achieved 
and more often than not cermets exhibited the major 
liabilities of both coaponents rather than their 
assets. 

Skeptics from the cermet era, and there are a 
great many left, Juatlilably ask the question: what 

has changed? why do w< expect today's ceramics to of- 
fer any greater chance of success than we experienced 
with the cermets? 

Figure 5 attempts to answer this question by out- 
lining the reasons for the renewed interest in ceramics 
and some of the major features that are different today 
than In the 1950's. Today we have much stronger and 
compelling reasons for going to higher temperatures 
than were recognized in the 1950' a. At higher oper- 
ating temperatures allowed by ceramics, engine pollution 
can be reduced, particularly carbon monoxide and un- 
burned hydrocarbons. As mentioned before, a direct 
result of higher operating temperature Is higher effi- 
ciency which means more effective use of fuel or lewer 
fuel conaiaptlon. In addition to the obvious benefit 
in fuel conservation, ceramics, because of better cor- 
rosion reslatance than alloys, also offer the potential 
of using lower grade fuel giving lower fuel coats as 
well as a greater variety of fuels from which to 
choose. 

The current ceramics represent a class of mate- 
rials generally of higher quality In terms of proper- 
ties and reliability than was available in the 1950's. 

A major difference between SIC and Slil^ compared to 
more classical ceramics la their ability to withstand 
thermal shock. This quality is of course, essential 
for the start-stop operation of moat gas turbines. 

Today's ceramics can be fabricated by techniques 
that lend themselves to mass production. With tech- 
niques such as injection molding one can visualise 
ceramic production rates adequate for even high volume 
markets such as automotive. 

Finally aa Indicated in Fig. 5, a moat important 
factor Is the availability of three-dimensional finite 
element analysis. With such techniques a cemplex com- 
ponent can be divided into a three- dimensional grid of 
Individual elements. Each element can then be ana- 
lyzed for such things at temperature, strain, stress, 
and the interaction of elements analyzed by the compu- 
ter. In such a technique component design can be 
readily changed and evaluated by computer and allow 
design Iterations before a final design Is connected 
to fabrication. Such techniques are far superior to 
the more familiar "make 'em and break 'am” approach 
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and have enjoyed a great del 
ceramic component programs (4,5). 

While there 1* no question that ceramics in gas 
turbines is certainly a high-risk technology, when all 
the factors displayed in Fig. 5 are considered there 
does seem to be justification for same cautious opti- 
mism and certainly little question that today's effort 
has a higher chance of success than was ever realized 
with the cermets. 


CURRENT INTEREST IN CERAMICS 

Although there are numerous current prograam sup- 
ported by private and public funds devoted to various 
aspects of ceramics In gas turbines, there are two pro- 
grams that manliest the current major thrusts in this 
technology. These programs are snaarlzed In Fig. 6. 
Both were originally funded by the Advanced Research 
Projects Agency of the Department of Defense and one 
Is now receiving support from the Department of Energy. 

The first major program in this technology was 
conducted at Ford Motor Co. (6) and Weecinghouse Elec- 
tric Corp. (7). Its goal was to demonstrate that com- 
ponents made of brittle materials could Indeed be de- 
signed by modern techniques and survive In the gas 
turbine environment. This program applied three- 
dimensional finite element design techniques to com- 
ponents of two gas turbine engines differing greatly 
in size; the small a toco t i ve engine and the large cen- 
tral station utility power plant engine. The program 
was initiated in 1971 and over 25 million dollars of 
govement money have been contributed to its imple- 
mentation. In addition both Ford and Westlnghouse 
have contributed large amounts of corporate funds. In 
both cases designs were to accommodate gas temperatures 
as high as 2500° F. In the Ford portion, a great many 
ceramic components, including an all ceramic rotor were 
studied. In the Westlnghouse portion full attention 
was directed toward the large stator vane. The Ford 
program seeks a 200-hour demonstration of all compo- 
nents in an engine test. All components except the 
rotor have survived program goals as individual compo- 
nents (8). The all ceramic rotor, the component sub- 
jected to the moat severe s tress -temperature combina- 
tion has undergone many iterations in design and fab- 
rication approaches. It has survived hot spin testing 
for 25 hours at 2250° F and ii hours of 2500° F (8). 
This latter teat was cut short by over temperature and 
distortion of metallic components . 

The Westlnghouse program has been completed with 
three vanes out of eight surviving the total program 
target (7). Failures could readily be traced to a com- 
bination of thermal stresses and scatter in material 
properties. However, a significant finding was that 
no failures resulted from mechanical loads Inherent in 
the design, that is, mechanical designs to accanodate 
brittle materials were successfully demonstrated. 

Figures 7 and 8 are representative of some of the 
hsrdwsre and designs generated in this program. Fig- 
ure 7 is the all cermlc rotor in the Ford effort. 

Two separate components are joined to make this mono- 
lithic rotor of about 4j| Inches dlsmeter. The hub is 
hot pressed Sljl^ while the blade ring is Injected 
molded using silicon powder in an organic vehicle. 
After molding Che silicon is converted to Sljt^ by a 
reaction sintering process in a nitrogen atmosphere. 
Figure 8 shows some essential features of the Westlng- 
house vane design. The ends of the vane airfoil are 
curved in three dimensions to mace with corresponding 
depressions in support blocks. 

The second and more recent major program shown in 
Fig. 6 is being conducted at AiResearch Manufacturing 
Co. a division of Garrett Corp. (9). Its purpose is 
to design, fabricate, and conduct demonstration tescs 
of ceramic hot flow path coqionenta in an existing 
Garrett engine. By the use of uncooled ceramic compo- 


nents the base power level of the engine is expected 
to be Increased from 750 hp to the 1000 hp level with 
an accompanying 1C percent reduction in specific fuel 
consumption. Average turbine inlet temperature is 
2200° F and a wide variety of components will be re- 
designed as ceramics and Introduced into the engine. 

The final demonstration was originally planned for a 
small naval patrol craft, however, it appears now that 
the final demonstration will not be in a vehicle but 
rather on a test stand. The program was originally 
planned as a 12 to 13 million dollar program of 3 years 
duration. Garrett Corporation is also contributing 
corporate funds to the program. As an exaaqile of hard- 
ware emerging from the AiResearch program. Fig. 9 shows 
individual Curbin : blades machined from hot pressed 
silicon nitride. These are ssuill blades; total airfoil 
height being abate 3/4 inches, and are designed to be 
run in an alloy dick by use of exact design analysis 
and a so-called compliant layer. 

The compliant layer concept is more clearly illus- 
trated in Fig. 10 which is taken from a NASA program at 
Pratt-Whitney Aircraft (10). In this case the compli- 
ant layer, a 0.015 inch thick platinum foil can be seen 
around the blade root. Its purpose is to absorb any 
local stress concentrations by deforming plsstically 
and thus minimize strains being transmitted to the ce- 
ramic blade root. In the configuration shown in 
Fig. 10 the blade is ready for hot spin testing; the 
other items apparent in the figure are an axial retain- 
ing bolt and a thermocouple. 

In addition to these two major progrmss summarized 
on Fig. 6 there are many other progress sponsored pri- 
marily by DOD, DOE, and NASA which deal with material 
characterization, preparation, and consolidation as well 
as fabrication, inspection, and design techniques. 

As mentioned earlier, the size and configuration 
of a gas turbine engine can vary widely depending on 
its intended use. Figure 11 is Intended to illustrate 
the breadth of this wide spectrum of engine sizes by 
listing three engine types end some of their differing 
features. In addition to great size differences, 
ranging from 5-inch diameter rotor to over 80 inches, 
we see great differences also in power level, expected 
service life, and potential market voliae. These fac- 
tors along with many other must come under considera- 
tion when the use of cermnlcs is considered. There- 
fore, after considering such fsetors, the final balance 
between risk, costs, snd psy-offs can be quite differ- 
ent among the various sppllcatlons. 

For exmaple, in the utility engine a high compo- 
nent reliability is demanded by the long life. Such 
large engines represent a comparatively small market 
(11). However, since they are major capital invest- 
ments , one might afford to pay a coat premium to ob- 
tain high reliability components. At the other end of 
the spectrum, the automotive engine is not as demanding 
in life expectancy; however, the high potential market 
volume makes low coat mass produced ceramics components 
absolutely necessary. The civil aircraft engine lies 
somewhere between these two extremes in size, life, 
and market volume (12). It must put highest priority 
on reliability because of che risk to life Involved 
and yet ceramic costs must be competitive with com- 
peting metallic materials. Thus, the potential of ce- 
ramics and the likelihood of their eventual substitu- 
tion for metal depends upon many fsetors and often 
these factors are unique to individual applications. 
Therefore, we cannot speak in generalities of the use 
of ceramics in gas turbines but rather have to con- 
sider each application separately. 

For the remainder of this paper each of the ap- 
plications shown in Fig. 11 will be reviewed in sure 
detail in order to reach a prognosis for the use of 
ceramics in each. 
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The gas turbine may be used in the electric utiWj 
ity industry in several ways. Two of the asoat obvious 
are shown in Fig. 12. The simple cycle is straight- 
forward with a gas turbine engine directly driving an 
electrical generator. Due to the high exhaust gas tem- 
peratures of the gas turbine it can be used more effi- 
ciently in the combined cycle in which waste heat in 
the gas turbine exhaust is used to generate steam for 
a conventional steam turbine. 

Figure 13 (13,14) illustrates benefits to be 
gained in noth configurations by the use of ceramic 
components. Current utility gas turbines use cooled 
superalloys with metal temperatures limited to the 
1500° to 1600° F range primarily by hot corrosion con- 
siderations. This limits gas temperatures to the 
neighborhood of 2000° F and produces thermal efficien- 
cies of about 30 and 43 percent for the simple and com- 
bined cycles, respectively. Future gas turbines with 
tdvanced air or water cooling could still maintain 
alloy temperatures near 1600° F while allowing gas tem- 
perature to rise to about 2500° F. This higher gas 
temperature results in efficiency increases to about 
34 and 49 percent for simple and combined cycles, re- 
spectively. By the use of cerasdc components cooling 
csn be eliminated resulting again in increased effi- 
ciencies most dramatic in the combined cycle case where 
efficiencies approaching 53 percent are projected. 

A more direct coeiparlson of the payoffs offered 
by these .mproved efficiencies is shown in Fig. 14. 

Here, for the combined cycle, thermal efficiencies of 
49 percent achievable with advanced cooling being in- 
creased to 53 percent by the use of uncooled ceraaiics 
can result in an 8-percent reduction in annual fuel 
consumption for a plant in the 1000 M < size range (13). 
Translating this to monetary saving is difficult in the 
current times of rapidly increasing prices for distil- 
late fuels. However, if a price range is taken as $2 
to $3 per million Btu fuel heat content then the 8- 
percent reduction in fuel consumption can yield savings 
of 8 to 12 million dollars per year per plant. 

An additional potentially large advantage regard- 
ing fuel usage by ceramic utility gas turbines is the 
possibility of using lower grade fuels of lower costs. 
Ceramics should not have to contend with oxidation and 
hot corrosion probleam chat have plagued metallic com- 
ponents. Therefore, low*r grade fuels such as heavy 
residual fuels or possibly even coal derived fuels 
might te used. Ceramics should be resistant to attack 
by impurities contained in these fuels, however, this 
point needs yet Co be fully verified in a wide range 
of residual and synthetic fuels. 

Without cooling the plumbing requirements of s 
large utility turbine are considerably simplified and 
should therefore contribute to lower coat components. 

In addition, the use of ceramics could result in re- 
duced initial plant coats as indicated in Fig. 15. Use 
of cermaic vanes could reduce specific (dollars per 
kilowatt) plant costa by 10 percent lAiile the use of 
ceramic vanes and bladea could effect a 15-percent re- 
duction (15). With the need for cooling reduced or 
eliminated, higher specific power outputs, that is, 
kilowatts per pound of air per second are achieved. 

Thus for a given air handling capacity, chat is, frame 
size, more power can be produced using cermaic compo- 
nents giving lower specific costs. This benefit Is 
gained in spite of possibly higher coats for disks, 
shafts, and bearings due to higher speed and tempera- 
ture . 

In spite of these obvious payoffs, Che substitu- 
tion of ceramics for alloys in utility gas turbines is 
probably not In the near future. Cooling of metallic 
components is an obvious competing technology. Also 
there is the larger problem of acceptance by che util- 
ity Industry of the gas turbine being a replacement of 


acceptable reliability to the tried and true steam 
turbine (16). If there are yet questions of reliabil- 
ity in utility operation of metallic gas turbines, 
then how much larger will be the problem of demon- 
strating adequate reliability with ceramic turbines. 

CERAMICS IN AIRCRAFT GAS TURBINES 

In the large civil aircraft gas turbine a logical 
component to consider for ceramic substitution is the 
turbine shroud. A shroud is shown schematically in 
Fig. lb. The shroud is essentially a seal that defines 
the gas path and minimizes tip leakage of hot combus- 
tion gases thus forcing the expanding gases to pass 
through the turblr.j and do useful work. Ceramic 
shrouds would bring about two imediate results. They 
can run hotter than metallic shrouds and have consider- 
ably less thermal expansion, therefore required cool- 
ing air could be reduced and tip clearance reduced. 

In a study by Pratt A Whitney Aircraft (17) the 
benefits of a ceramic shroud were calculated as shown 
in Fig. 17. Hera a 2900° F material temperature capa- 
bility was assume, and a tip clearance reduction of 
0.015 inch. Also a 50-?ercent cost penalty was as- 
signed to the ceramic shroud over current alloy 
shrouds. The results indicate a slightly more costly 
engine, however, fuel consumption is reduced by about 
1.2 percent. Direct operating costs are somewhat re- 
duced and return on investment is Improved. Overall, 
the total life cycle costs of an engine containing ce- 
ramic shrouds would be reduced by about $43 000 per 
engine. 

In a study by General Electric Company the effect 
of substituting ceramics for alloy turbine vanes was 
addressed (18). The assumptions and results of this 
study are sixmaarized in Fig. 18. This study assumed a 
material capability of 2900° F and superior erosion 
resistance. Some improved resistance to ballistic im- 
pact was also assumed and component costs were placed 
at about half that anticipated for advanced dispersion 
strengthened alloys. Results of the study indicate a 
sizeable reduction in fuel consumption of 1.47 percent, 
reduced operating costs of 2.21 percent, and an in- 
creased return on investment of 0.72 percent. All of 
the benefits combined to produce a present worth value 
of about 66 million dollars. This present worth is 
today's estimate of the total value of the new technol- 
ogy when applied to an entire fleet of intercontinental 
Jumbo jets over their total useful service life period. 
In this case of cermic vanes applied in the first and 
second stages of the high pressure turbine the total 
present worth is calculated to be in excess of 66 mil- 
lion dollars. 

An essential comparison to be made in any proposed 
new technology is its present worth versus its esti- 
mated development coats. That is, is the margin be- 
tween present worth and development costs sufficient 
to Justify the undertaking? 

Figure 19 compares ceramic technology applied to 
several components in terms of present worth and esti- 
mated development costs (18). Ceramic vanes certainly 
represent the largest payoff in terms of present worth. 
However, vanes and shrouds are comparable when compared 
in terms of present worth and estimated development 
costs. In both cases present worth is seen to be about 
a factor of 10 times greater than estimated development 
costs. Ultimately the development of shrouds would 
probably be preferred to vanes due to lower ceramic 
failure risks associated with the shroud. Based on 
this General Electric study ceramic combustor liners 
for large aircraft engines would not appear to be a 
very likely technology because of the relatively low 
present value compared to relatively high development 
costs. 

In spite of the large payoffs evident by the in- 
troduction of ceramic components into large aircraft 
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engines, this Introduction is 01 Bo ep t <T~ fake* (i^|| 
until far in the future. There it one major reason 
for this prognosis; It is risk to life. Component re- 
liability will first have to be demonstrated in other 
lower risk applications. There is, however, one com- 
ponent that when made of ceramics might offer accept- 
ably low life risks, thia it the shroud. A shroud 
failure could conceivably be toleraced without cata- 
strophic results and therefore cerastlc substitution 
might be seen in the foreseeable future in shrouds. 

CERAMICS IN AUTOMOTIVE GAS TURBINES 


The automotive-sized turbine engine is one in 
which the introduction of ceramics seems very promis- 
ing for a number of reasons. This size engine presents 
component sizes which are quite amenable to ceramic 
mass production processes. Also the small co^ionent 
size makes cooling more difficult as an alternate ap- 
proach to achieve higher gas temperatures. Component 
lifetlise required is lower than the other two applica- 
tions we have considered as illustrated in Fig. 11. 

Also noted In Fig. 11 the potential market volume is 
more enticing to ceramic manufacturers to make neces- 
sary investments in process scale-up. 

A comprehensive review of the potential of ceram- 
ics for automotive applications was performed by the 
Jet Propulsion Laboratory (JFL) (ref. 19) under spon- 
sorship of the Ford Motor Company. In this study 
other alternative engines in addition to the gaa tur- 
bine were studied; these included Diesel, steam, 
Stirling, and electric engines. All were compared to 
current and advanced conventional (Otto cycle) engines. 
The conclusion of that study was that the gas turbine 
engine is a realistic alternative to the present en- 
gine. 

Although the present discussion concerns the 
automotive gas turbine, it should be emphasized that a 
gaa turbine engine in the automotive power and size 
range has other areas of application in which the in- 
troduction of ceramics is attractive. Two of these 
are portable powerplants and unmanned limited life air- 
craft for both military and civil applications. Also, 
in a size range slightly larger than automotive, the 
gas turbine with ceramic components can offer an at- 
tractive alternative power source for trucks and buses 
( 20 ). 

Before considering same of the findings of the 
JFL s ft few definitions from that study are neces- 
sary. (he study considered three gas turbine engines 
in the time scale, that la, current, mature, and ad- 
vanced. The current engine refers to experimental en- 
gines currently under study at automotive manufactur- 
ers, for example. Ford, Chrysler, and General Motora. 
The mature engine la considered to be a near term im- 
proved version of current engines baaed totelly on un- 
cooled and uncoated amtalllc components and all re- 
quired technology developments being available in the 
1980 decade. The advanced engine essumea liberal use 
of ceramics and requires significant research and de- 
velopment in ceramics accompanied by significant ad- 
vances in ceramic properties and processing. The re- 
quired advanced ceramic technologies are assumed to be 
available in the late 1980's or later. 

Figure 20 ahowa schematically the two schemes 
most often considered for an automotive gas turbine, 
the single shaft engine, and the free turbine. In the 
single shaft concept the compressor, turbine, and 
power output are all on a single shaft. This is the 
simplest configuration and is somewhat more efficient 
than the free turbine. However, it requires a contin- 
uously variable transadsaion which la an added com- 
plexity. On the other hend, the free turbine places 
the compressor and gasifier turbine on one shaft while 
a power turbine drives a separate output shaft. This 
engine can be coupled to a conventional transmission 


which is the primary reason why most experimental 
automotive gas turbine studies to date have used the 
free turbine. Both types would require heat regenera- 
tion in which waste heat in the exhaust gases would be 
extracted and used to preheat the incoming combustion 
air. 

In Fig. 21 some comparisons are made among the 
current, mature, and advanced engines (19). These 
caaqparlson a are for engines nominally in the ISO hp 
power level. Current engine technology allows turbine 
inlet temperatures near 1850° F with regenerator tem- 
perature limited to 1300° F because of the necessity 
(at the time of the JFL atudy) of stainless steel re- 
generators. Engine weight is high at 600 pounds and 
efficiency is 26 percent. The mature metallic engine 
will allow turbine inlet temperatures to rise to 
1900° F and regenerator temperature to 1800° F. This 
large increase in regenerator temperature will be per- 
mitted by the uae of Improved aluminum silicate and/or 
magnesium aluminum silicate regenerator materials now 
under development. A much lighter engine of 366 pounds 
and 33 percent efficiency results. Ultimately, the 
utilization of ceramics will allow turbine inlet tem- 
perature to rlae to 2500° F with regenerative tempera- 
ture of 2000° F. Another decrease in engine weight to 
290 pounds is realized along with an efficiency of 
46 percent. By comparison, efficiency of advanced in- 
ternal combustion piston engines is projected to be 
about 29 percent. All of the improvements noted in 
going from the mature to the advanced engine are the 
direct result of the use of ceramic components. 

While these comparisons are impressive the con- 
sumer today is moat interested in «*at all of this 
means in terms of gas mileage. Some comparisons are 
given in Fig. 22. The mature metallic engine would 
provide a doubling of gas mileage over the current ex- 
perimental gaa turbine engines from about 8.9 to 
19 mpg for a full size car on the EPA city driving cy- 
cle (19). Of course, the mileage figures for a mature 
gas turbine installed in a compact car are even more 
impressive as shown in Fig. 22. The gains in mileage 
offered by the ceramic gaa turbine are dramatic with 
mileages as high as 46 mpg being projected for a com- 
pact car powered by a ceramic gas turbine. 

Another major concern of today's consumer la what 
his costs will be in order to reap the benefits of 
such an improved engine. The ultimate coats of future 
gss turbine engines Is difficult to predict, however 
some comparisons are offered in Fig. 23. The mature 
amtalllc gaa turbine is projected to be very compara- 
ble in costs to an advanced Internal combustor piston 
engine (Otto englue), that is, in the $1300 to $1400 
range (19). If cooling and/or coatings are required 
in the mature engine its costa will of course be 
greater. The final cost of an advanced ceraadc auto- 
motive gaa turbine engine is impossible to predict at 
the present time. However, some mejor factors that 
will affect this cost are evident. Lower material 
costs and possibly lower processing costa certainly 
would tend to lower engine cost. However, there are 
also factors in the production of a ceramic engine not 
encountered in a metallic engine which would tend to 
drive up the cost. For enable, el: ough raw materiel 
coats may be lcwer, higher scrap ratea might be ex- 
pected with ceramic components. High costs for in- 
spection and, in all probability, component proof test- 
ing would contribute to higher production costs. High- 
er warranty costs might also be anticipated for a ce- 
ramic engine. How all of these factors would combine 
to determine the final cost of a production ceramic 
gas turbine engine is not presently known. 

An advantage offered by cermslcs when substituted 
for superalloys is a conservation of strategic ele- 
ments, particularly chromium and nickel. This is an 
especially Important consideration in such s high vol- 
ume industry as Che automotive. The United States 
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currently imports essentially 100 percent of our chro- 
mium from »uch countries a* South Africa, Rhodes ta, 
Turkey, and tussla ( 19 ). Ue Import over 70 percent of 
our nickel from Canada and Norway (19). Slnca chro- 
mium and nickel are major constituents In high temper- 
ature alloys their conservation by the aubatltutlon of 
ceramics would be beneficial. 

Figure 24 compares the amount of chromium re- 
quired In various automotive engines (19). Prior to 
the wide spread use of the catalytic converter a con- 
ventional automobile engine required about lk pounds 
of chromium. Kith an added 6.4 pounds of chraartun 
used In the remainder of the vehicle the automotive 
Industry accounted for 8 percent of our total national 
consumption of chroadum. This assumes an annual pro- 
duction rate of 10 million vehicles . tilth the currant 
use of the catalytic converter the chraad.ua required 
per engine la about 4k pounds and the automotive In- 
dustry consumption rate Jwpa to about 11 percent of 
the total domestic consult Ion. The mature metallic 
gas turbine would also require about 4k pounds of 
chromium per engine. Although this engine would not 
require a catalytic converter. It would not Impact 
chromium consumption, slnca It does require high chro- 
ilia superalloys and stainless steels. The advanced 
ceramic turbine could reduce chromium usage to less 
than 1 pound per angina and cut the automotive portion 
of doamstlc consumption level to leas than 8 percent. 

A similar comparison shows that the advanced ceramic 
turbine could reduce automotive nickel consumption to 
less than one-half of currant levels (19). 

The automotive alee angina appears to be Ideally 
suited to reap the marl— benefits from the Introduc- 
tion of s ceramic gaa turbine. This Is primarily be- 
cause of the small co^act sire, the large market sire, 
and the dramatic payoffs In terms of fuel economy. Of 
course, production of an automotive ceramic gaa turbine 
would require major retooling and corporate decision 
to cobalt to such a retooling would Involve many com- 
plex economics factors as wail as technical factors of 
Che type summarised here. 

The remote ly piloted vehicle (1PV) appears to be 
an Ideal teat bed In which to gather both production 
experience and field experience for a cerailc gas tur- 
bine engine In the automotive also range. Also, al- 
though engines smaller than automotive ware not con- 
sidered hare, there are earns applications where small 
gas turbine appears to be vary promising, and the use 
of ceramics in thaoa small engines should provide 
benefits similar to those provided to an automotive 
gas turbine. TVo such applications involving high 
volume markets era motorcycles and lawn care equipment 
such as riding mowers. In the recreational area, coat- 
pact power units for outboard motors and snowmobiles 
would also appear as applications of high potential. 

C0K1U3IQH 

In summary, the us a of ceramics In gaa turbines 
for throe different applications has baen considered. 

In all three it is apparent that ceramic components 
can contribute to fuel savings, conservation of stra- 
tegic materials, and quite possibly lower component 
costa. 

Specifically, In large utility gaa turbines, ce- 
ramics offer a great potential for conservation of 
currant fuels as well aa the possibility of using 
lower grada, more corrosive alternate fuels. However, 
advanced metallic cooling concepts offer lower risks 
and nearer term payoffs. 

In spite of tha large payoffs evident for tha usa 
of ceramics In civil aircraft gas turbines tha high 
risk to Ufa and competing advanced metallic concepts 
will delay the Introduction of ceramics to this narkee 
tar Into tha future. The high pressure turbine tip 
shroud Is a possible exception that could sea earlier 
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usage of l^se of ceramics In 

large aircraft powerplants will depend heavily upon 
tha confidence gained by applying ceranlcs In other, 
namely, ground baaed, applications. However, looking 
to the day when that confidence will come, there are 
special consideration for ceramics In aircraft that 
should be addressed now so as to hasten that day and 
be prepared for Its arrival. Among the more obvious 
special needs for aircraft applications sre ce lc 
components of ultra high reproduceablllty and relia- 
bility. Such high levels of reliability require im- 
proved materials and processes capable of producing 
components with truly minimal risk of failure. Cou- 
pled with the necessary Improved properties and pro- 
cesses are the required order of magnitude hsprove- 
menta In the capability of nondestructive evaluation 
(MDE) techniques to detect life limiting flaws. And, 
of coursa, design techniques and refinements must be 
carried to their 0 th degree to provide component de- 
signs that will accoamndste brittleness. Through 
these combinations of confidence from ground baaed ex- 
perience and absolute minimisation of risk of failure 
by Improved materials, processes, MDC techniques and 
covenant designs ceramics will soma day provide the 
reliability raqulred for airborne applications. 

The automotive else gat turbine appears to be the 
most likely for application of ceramics. Component 
slse requirements sre most anenable to high capacity 
ceramic processing techniques. The efficiency and 
consequently Improved gas nlleoge which s ceramic gas 
turbine can provide a passenger vehicle Is dramatic 
and certainly a carrot worthy of vigorous pursuit. 

Also in the near -automotive sited engine other obvious 
applications are remotely piloted aircraft, trucks, 
buses, and portable power units. 

In order to bring the promises of ceramics to 
fruition In any of the above areas, that la, utility, 
aircraft, or automotive, will require a great deal 
more research and development efforts in all aspects 
of basic materia la behavior, processing, NEE, design, 
nd related disciplines. Also, In the not too distant 
future soam major cnml tmsnts will have to be made to 
production of a ceramic gas turbine so that the neces- 
aary confidence- building production and field experi- 
ence can be accumulated. 

Indeed, ceramics in gas turbine applications have 
outstanding potential; however, aa of today, they are 
neither a quick, simple, nor cheep solution to mate- 
rial and energy problems. Same day they can be; how- 
ever, much work remains to be done. In pursuing this 
work we nut hove patience and realise that we are 
presently low on the learning curve. He oust be tol- 
erant of falsa starts yet be sure we are attempting 
tha proper starts. Sana approaches may end In tsm- 
porary failure, however, if such approaches are con- 
ceived In sound technical assessment tha failures cam 
provide a valuable learning experience from which to 
launch a ranawed and ultimately successful attack. 

Tha more damaging failures are those which are predes- 
tined because of unwise nontechnical dads Iona of a 
political or economic nature. From these we usually 
learn little of technical value. 

Soma have ventured tha opinion that at this point 
In time ceramics hove been "oversold. " This Indeed 
may be a valid observation, however, in view of the 
great payoffs one might alternatively argue that ce- 
ramics have been "under-supported'' and "under- 
research ad." 
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fig. 1. Schematic of aircraft gas turbine engine. 
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Fig. 2. Major advantages of ceramics for gas turbine engines. 
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Fig. 5. Reasons for the renewed interest in ceramics for gas turbines. 
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Fig. 6. Major ceramic gas turbine programs (6, 7, 9), 
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Fig. 13. Payoffs of ceramics In utility jas turbines (13, 141. 
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Fig. 14. Fuel savings by use of ceramics in 1000 MW combined cycle 
powerplant (13). 
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Fig. 16. Schematic of ceramic turbine tip shroud. 
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Fig. 17. Effect of ceramic shroud on operation of large aircraft 
gas turbine engine (17). 
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Fig. 18. Effect of ceramic vanes (1st and 2nd stages) on operation of large 
aircraft gas turbine engine (18). 
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Fig. 19. Comparative value of ceramic technologies applied to large 
aircraft gas turbine engines (18). 
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Fig. 20. Schematic of automotive gas turbine configurations. 
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Fig. 21. Comparison of automotive gas turbine engines; All 41 compression 
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Fig. 22 . Projected gas mileage impg) for automotive turbines il9). 
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Fig. 23. Comparison of estimated costs of automotive engines t!9). 
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